A new design approach for achieving quadband terahertz metamaterial absorber, formed by an asymmetric resonator and a metallic board separated by a certain thickness dielectric layer, is numerically studied and demonstrated. Results show that the absorber has four high absorption (greater than 98%) resonance bands (or peaks). The physical origin of the absorber is attributed to four different resonance modes of the single-patterned resonator. The proposed device resolves large unit size, complex resonance structure, and time-consuming and costly fabrication steps, which previously reported absorbers frequently encountered. Moreover, the five-band metamaterial absorber can be obtained by further optimizing the parameters of resonator. The proposed absorber has application prospects in many areas such as materials detection, thermal imaging, and biological sensing.
Introduction
Metamaterials, with the sub-wavelength lattice dimensions, have attracted increasing attention because they have a broad range of electromagnetic (EM) properties [1] - [3] that cannot be directly obtained in nature. In addition to these unusual EM properties, metamaterial-based various resonance devices have also been extensively investigated [4] - [7] . Unfortunately, the absorption losses of metallic elements in metamaterials are the major obstacle to the applications of these devices. Recently, it has been demonstrated that, with proper design of the structures, it is possible to present novel resonance device by making full use of the absorption losses of the metamaterials. This kind of the novel device is called metamaterial perfect absorber [8] .
In 2008, scientists from Boston College first demonstrated a microwave metamaterial absorber by using a metal-dielectric-metal sandwich structure [8] . Because the metamaterial absorbers have many advantages over the conventional ones, such as ultra-thin dielectric layer thickness, high absorption coefficient, and simple unit design, the study of this field is in full swing [9] - [15] . However, these reported metamaterial absorbers encounter the problems of single-band and narrow-band absorption, which severely restrict their applications. Recently, to increase the number of the resonance absorption peaks, many kinds of ways or designs have been suggested to achieve the multiple-band metamaterial absorbers [16] - [31] . For example, in [22] , a stacked resonance structure was presented to realize the dual-band absorption. In [19] and [20] , three nested rectangular rings were utilized to demonstrate the triple-band absorbers. It is found that the research of the multiple-band metamaterial absorbers is mainly concentrated in the dual-band and triple-band absorption, while the development of the quad-band or even five-band absorbers lags far behind the development of the dual-band or triple-band absorbers.
In fact, some methods or strategies have been presented to achieve the quad-band absorbers [32] - [37] . These approaches, however, result in complex resonance structure, large lattice size, increased dielectric layer thickness, as well as unchanged resonance mechanism. These shortcomings or disadvantages restrict the development and application of the quad-band absorbers. It is of great importance to design new type (i.e., the novel resonance mechanism and simple unit structure) of the quad-band or even five-band absorbers.
This paper demonstrates a new design concept for achieving simple design of the quad-band metamaterial absorber. The device is composed of only an asymmetric metallic resonator and a metallic board spaced by a dielectric spacing layer. This structure presented here has the ability to resolve complicated resonance structure, large unit size, and time-consuming and costly fabrication steps, which are frequently faced in design of the multiple-band metamaterial absorbers. The mechanism of the quad-band absorber is due to four different resonance modes of the single patterned metallic resonator, which is fundamentally different from previously reported absorbers [32] - [37] . Importantly, five-band light absorber can also be achieved by further optimizing the parameters of the asymmetric resonator. The quad-band and five-band absorbers designed here have numerous applications, such as thermal imaging, materials detection, and biological sensing.
Structure and Design
The unit structure of the presented quad-band absorber is illustrated in Fig. 1 . It is composed of three functional layers: two metallic (Au) layers and a dielectric spacing layer. The top layer is an asymmetric metallic resonator, the middle layer is the dielectric spacing layer and its thickness is t = 19.8 μm. The bottom layer is a continuous metallic board. The dielectric constant of the middle dielectric spacing layer (polyimide) is ε = ε 0 (1 + i α) = 3(1 + i 0.06) [15] . The lattice period of the absorber is Px = Py = P = 100 μm, the lengths of the resonator are l1 = 80 μm and l2 = 70 μm, respectively. The widths of the resonator are w 1 = 10 μm and w 2 = 30 μm, respectively. The deviation value of the baseline of the resonator along the y axis is δ = 15 μm. The thickness and conductivity of Au are 0.4 μm, and 4.09 × 10 7 S/m, respectively. The EM responses of the quad-band absorber are performed by utilizing the finite-difference time-domain (FDTD) methods. In this simulation, periodic boundary conditions are used in the plane of x-y, perfectly matched layer absorbing boundary conditions are employed in the top and bottom of the computational space. The unit cells are illuminated by a plane EM wave with E field parallel to the x-axis. The absorption of the metamaterial can be calculated by in which A, R, and T are the absorption, reflection, and transmission of the absorber, respectively. Owing to the existence of the metallic board, the T of the resonance structure is close to zero. Then the A can be given by A = 1 − R . The A has the ability to achieve unity absorption when impedance of the structure matched to that of the air.
Results and Discussion
The absorption of the quad-band absorber is illustrated in Fig. 2 (a). It is found that four obvious bands (or peaks) can be obtained at frequencies 0.518 THz, 1.25 THz, 2.10 THz, and 2.34 THz with 99.29%, 98.02%, 99.44%, and 98.75% absorption, respectively. To facilitate the research and description, the four resonance peaks from low-frequency to high-frequency are marked as modes f1, f 2, f 3, and f 4, respectively. Besides, for Fig. 2(a) , it is also noted that most of the EM energy is dissipated in the dielectric spacing layer of the quad-band absorber, and only a small part of energy (through ohmic losses) is dissipated in the metallic layers of the absorber. Results shown here are in agreement with previous works [8] - [10] , [15] - [20] .
Figs. 2(b) and (c) show the dependence of the absorption spectra on the imaginary part (α) change of the dielectric layer. As shown, the α of the dielectric layer has a great effect on the absorption strengths of the four peaks, while their frequencies have a neglected change. Specifically, the absorption strengths of the four peaks with the change of the α have two different behaviors: a rapid enhancement (see Fig. 2(b) ) and a decrease gradually (see Fig. 2(c) ). However, the absorption strengths of the four peaks are all larger than 80% when the change range of the α is 0.02 ∼ 0.1. At α = 0.06, the four absorption peaks have optimal values.
To explain the physical origin of the quad-band absorber, the distributions of the |E| and real Ez fields for modes f1, f 2, f 3, and f 4 are shown in Fig. 3 . It can be seen from Fig. 3(a) that the |E | field for mode f1 is mainly gathered in both edges of the resonator. Meanwhile, its real Ez is also concentrated in the same positions of the resonator see Fig. 3(e) . It is well known that opposite charges accumulate at both edges of the resonator indicating excitation of the horizontal direction current in the surface of the resonator. Thus the mode f1 is due to the dipole response of the resonator. For mode f 2, its |E| is mainly focused on the ends of the resonator along the y axis, see Fig. 3(b) . Besides, its real Ez is also gathered in the same positions of the resonator; see Fig. 3(f) . Opposite charges accumulate at the ends of the right-and left-side of the resonator, indicating excitation of the loop current in the surface of the resonator. Thus, this kind of resonance mode is attributed to LC resonance of the resonator. However, the distributions of the charges in both-top and both-bottom ends of the resonator are different. Specifically, the positive and negative charges are mainly concentrated in the both-top ends of the right-and left-side of the resonator, respectively, while the charges in both-bottom ends of the right-and left-side of the resonator is opposite to that of the both-top ends of the resonator. As a result, mode f 2 originates from the hybridization of the LC resonances of the resonator.
For resonance mode f 3, its real Ez is also accumulated at both sides (right-and left-side) of the resonator; see Fig. 3(g) , which is very similar to that of the resonance mode f1 in Fig. 3(e) . Consequently, the resonance mode f 3 should be attributed to the dipole response of the resonator. The difference of the modes f 3 and f1 is the effective length of the dipole response. It is clear that the distribution of the real Ez for resonance mode f1 is mainly focused on both outer edges of the resonator, see Fig. 3(e) , while the distribution of real Ez for resonance mode f 3 is primarily gathered in both inner sides of the resonator, see Fig. 3(g) . It is a known fact that the resonance frequency of the absorber is inversely proportional to the length of the metallic resonator [17] - [21] . Because the length of the both inner sides of the resonator is smaller than that of the both outer sides of the resonator, the resonance frequency of the mode f 3 is larger than that of the mode f1. Furthermore, for resonance mode f 4, its real Ez (see Fig. 3(h) ) is also similar to that of the resonance mode f 3 in Fig. 3(g) . Thus, the mechanism of the resonance mode f 4 is due to the dipole response of the resonator. However, the distribution of the real Ez for resonance mode f 4 is different from the case of the resonance mode f 3. It can be seen from Fig. 3(h) that in addition to the opposite charges focus on both inner sides of the resonator, an opposite distribution of the chargers (with respect to the inner sides of the resonator) can be also observed at the ends of the baseline of the resonator. The opposite distribution of the charges in the baseline of the resonator makes the effective length of the resonance mode f 4 smaller than that of the mode f 3, and thus, the frequency of the mode f 4 is larger than that of the mode f 3. Obviously, based on the combination of the four different resonance modes of single resonance structure, a novel and simple design of quad-band absorber is realized. The presented quad-band absorber has potential applications in many optoelectronic related areas.
We next investigate the dependence of the absorption spectra on the parameter changes of the absorber. As shown in Fig. 4(a) , the absorption coefficients of the modes f 2, f 3, and f 4 have obvious dependence on the change of the deviation value δ, while the change of the absorption strength of the mode f1 is nearly fixed. Particularly, the absorption of the mode f 2 can be fully suppressed when the δ is equal to zero. That is to say, the design has the ability to tune the number of the resonance bands (from quad-band to triple-band) though varying the parameters of the resonator. Moreover, 5. (a)-(d) Dependence of the resonance absorption spectra on the parameter changes of the unit cell P, dielectric thickness t, the length of the asymmetric resonator l1, and the width of the asymmetric resonator w1, respectively. the absorption performance of the quad-band absorber can also be adjusted by changing the width (w 2) of the resonator. As shown in Fig. 4(b) , the absorption coefficients of the four resonance bands have a slight variation with the change of the w 2, while the frequencies of them have an obvious dependence on it. Specifically, the frequencies of the modes f1, and f 2 gradually increase with the increase of the w 2, while the frequencies of the modes f 3, and f 4 gradually decrease with the increase of the w 2. These results show that width w 2 and the deviation value δ of the resonator have considerable influence on the performance of the absorber.
The changes of the other parameters are also very important in the design of the quad-band absorber. As shown in Fig. 5(a) , the frequencies of the resonance modes f1, f 3, and f 4 have an obvious dependence on the change of the period P, while the change of the mode f 2 is neglected. 5(b) shows the dependence of absorption spectra on the change of the dielectric thickness t. It can be seen from Fig. 5(b) that the change of the dielectric thickness t only affects the frequency of the mode f 3, while the changes of the other modes are neglected. In fact, the resonance frequencies of these modes can be alternatively adjusted by modifying the length l1, see Fig. 5(c) . The frequencies of the resonance modes f 2, and f 4 gradually decrease with the increase of the length l1, while the changes of the resonance modes f1 and f 3 are neglected. Different from the change of the l1, the width (w1) change of the resonator has a pronounced influence on the absorption performance of the absorber. As shown in Fig. 5(d) , the change of the width w1 not only affects the frequencies of the resonance modes f1, f 3, and f 4, but also the absorption coefficient of the mode f 2 has a large dependence on it. Particularly, a new resonance mode can be observed when the w1 is equal to 14 μm. That means the presented absorber can be used to increase the number of the absorption peaks (from quad-band to five-band) by enlarging the width w1 of asymmetric resonator.
Although five-band absorber can be obtained by enlarging the width w1 of the resonator, the optimization of the other parameters is also important in design of the high absorption performance five-band metamaterial absorber. Herein, the optimal parameters (in μm) of the five-band absorber are given: P = 110, l1 = 80, l2 = 70, w 1 = 15, w 2 = 30 μm, δ = 15, and t = 18.8. The conductivity and thickness of the Au, as well as the dielectric constant of the dielectric spacing layer are the same to that of the quad-band absorber. The absorption spectra of the five-band absorber is illustrated in Fig. 6 . The results show that the absorber has five obvious resonance peaks at 0.442 THz (f1), 1.25 THz (f 2), 1.98 THz (f 3), 2.32 THz (f 4), and 2.63 THz (f 5) with 98.17%, 85.76%, 99.63%, 95.44%, and 93.98% absorption, respectively.
To gain a better insight into the five-band absorption mechanism of the absorber, the distributions of the |E| and real Ez fields for modes f1, f 2, f 3, f 4, and f5 are given in Fig. 7 . As shown in Fig. 7 , the distributions of the |E| and real Ez fields for the first four resonance modes of the five-band absorber are very similar to that of the quad-band absorber. As a result, the physical mechanism of the first four resonance modes of the five-band absorber are consistent with the case of the quad-band absorber. Moreover, by comparing the resonance frequencies in Fig. 6 and the field distributions in Figs. 3 and 7 , it is found that the five-band absorber presents a new resonance mode: mode f5. As shown in Fig. 7(j) , its real Ez is mainly focused on inner ends of the resonator along the y axis, which is similar to that of the field distribution of the mode f 2 in Fig. 7(g) . Therefore, mode f5 is due to the hybridization of the LC resonances of the patterned resonator. Obviously, based on the combined effect of five different resonance modes of the single patterned resonator, five-band high absorption performance metamaterial absorber can be realized.
Conclusion
In summary, a novel quad-band terahertz metamaterial absorber by using four different resonance modes of single patterned resonator is demonstrated. It is found that the presented device shows high absorption performance at four obvious resonance frequencies. Near-field distributions of the four resonance absorption peaks are given to reveal the physical origin of the quad-band absorber. Furthermore, the five-band metamaterial absorber can be achieved by further optimizing the parameters of the resonator. The multi-band absorbers presented here can be potentially used in many areas, such as biological sensing, thermal imaging, and materials detection.
